ABSTRACT Experiments were conducted to address recent reports of precocial testis development or testicular hypertrophy induced by the anti-thyroid agent 6-N-propyl-2-thiouracil (PTU) in domestic fowl and rodents. In three experiments, PTU was administered to male turkeys during different stages of development. The PTU was given in the feed at a concentration of either 0.1 or 0.5% and effects on thyroid hormones were measured. Periods of PTU treatment were 8 to 16 or 10 to 18 wk of age (Experiment 1); 0 to 8, 0 to 16, and 8 to 16 wk of age (Experiment 2); and 8 to 16 and 20 to 35 wk of age (Experiment 3). Data were collected to determine the effect of PTU treatment on testicular growth (weight), sexual maturation (semen onset and plasma testosterone concentrations), and early adult testicular function in terms of semen quantity (semen volume and sperm concentration) and quality (sperm viability and fertilizing ability).
wk of age. The difference was absent by 36 wk of age. Likewise, in Experiment 2, onset of semen production was advanced by about 2 wk by the 8 to 16 wk treatment as compared to untreated controls (23.3 vs 25.9 wk), although, at 32 and 36 wk of age neither the quantity nor quality of semen were significantly affected. Also in Experiment 2, 0.1% PTU treatment from 0 to 8 or 0 to 16 wk of age delayed the onset of semen production and depressed semen volumes at 32 and 36 wk of age without affecting semen quality. In Experiment 3, the mean age at the onset of semen was not significantly affected by 0.5% PTU treatment from 8 to 16 or 20 to 35 wk of age. In addition, semen volume and quality at 32 and 36 wk of age was similar to controls.
It was concluded that antithyroid treatment with PTU was dependent on dose and time of treatment for effects on both sexual development and early reproductive performance. Precocial development and associated hypertrophy of the testes occurred but was transient. Thereafter, during initial reproductive function, semen quantity and quality were normal.
INTRODUCTION
The role of the thyroid gland in testicular development and function is still unclear in many vertebrates. Contrasting reports and differences between sexes and among species in their dependence on the thyroid for gonadal development and function have made it difficult to formulate a generalized relationship. Furthermore, the apparent multiple effects of thyroid hormones on the reproductive physiology of homeotherms, including effects on photorefractoriness (Thapliyal and Pandha, 1965; Wieselthier and van Tienhoven, 1972; Goldsmith and Nicholls, 1984; Follett and Nicholls, 1985; Creighton, 1988; Lien and Siopes, 1991) and developing Sertoli cells (for reviews see Cooke et al., 1994a; Cooke et al., 1994b; Jannini et al., 1995) has added to the complexity.
Despite contradictory reports in existing literature (for review see Kumaran and Turner, 1949) chickens (Kumaran and Turner, 1949; Van Tienhoven et al., 1956; Kirby et al., 1996) , spotted munia (Thapliyal and Pandha, 1965) , and partridges (Creighton, 1988) . In addition, thyroidectomy in several species of Indian finches (Thapliyal and colleagues; for review see van Tienhoven, 1983) , starlings (Wieselthier and Van Tienhoven, 1972) , quail (Follett and Nicholls, 1985) , and turkeys (Lien and Siopes, 1991) sustains testicular function. Thus, antithyroid treatment can result in hypertrophy of avian testes as well as a persistence of function, but there remains sparse qualitative evaluation of these responses.
Similar phenomena have been reported for mammals. Hypothyroid prepubertal human males have been characterized by precocial sexual development and macroorchidism (for review see Jannini et al., 1995) . Transient, pharmacologically induced hypothyroidism in rat pups given 6-n-propyl-2-thiouracil (PTU) resulted in dramatic increases in both testis size and production of normal sperm (Cooke, 1991; ; however, these increases were seen only at dose levels of 0.006% of the drinking water or greater , and only when PTU treatment began postnatally and before 4 to 8 d of age. Starting PTU after this critical period was ineffective (Cooke et al., 1992) .
Few studies have addressed the functional assessment of enlarged avian testes induced by PTU treatment, and dose level, degree of thyroid depression, duration of treatment, and age at treatment have not been critically evaluated. However, some of these effects have recently been substantiated with chickens (Kirby et al., 1996) . Due to the reported importance of properly timing the PTU treatment during development in order to induce a positive gonadal response in birds and mammals, the objective of this study was to further evaluate age, dose, and duration effects of PTU on turkey tom testicular development and function. Particular emphasis was placed on semen and sperm quality, as a functional assessment of avian testes following PTU treatment is largely absent from the scientific literature.
MATERIALS AND METHODS

General
All toms were obtained from commercial breeder sources and current commercial guidelines were followed. Three experiments were conducted using maleline Large White breeder male turkeys maintained in floor pens within an enclosed building. Toms were maintained on long photoperiods of 14 or 16 h consisting of natural and artificial light. The artificial light was incandescent at an intensity of 30 to 50 lx. Mechanical ventilation was provided, but otherwise house temperatures were not regulated.
The first experiment examined the effects of PTU on breeder tom testis size, testosterone production, and sperm production at the onset of sexual maturation. The second experiment was designed to assess the presence of a critical age for PTU 5 treatment early in turkey tom development, and to assess the effects of PTU on testicular maturation and early semen production. The third experiment used a higher PTU dose at a select age determined from Experiments 1 and 2, as well as at an older age during late juvenile development. The PTU was mixed in finely ground ration and given to the toms for the specific periods of their treatments.
Hormone Assays
Plasma testosterone levels were determined by RIA in a single assay for Experiment 1 as described by Kirby et al., 1996 . The intra-assay coefficient of variation of a plasma pool from young turkeys was 7.1%. The sensitivity of the assay reported herein was 20 pg/mL.
Thyroid hormone levels were determined by RIA in Experiments 2 and 3. Throughout both experiments, venous blood samples (1 to 2 mL) were periodically collected from all toms between the hours of 1300 and 1500 h. Plasma fractions were separated and frozen at -20 C until assayed. Total thyroxine (T 4 ) and triiodothyronine (T 3 ) plasma concentrations were measured in duplicate using T 4 and T 3 RIA kits. 6 The sensitivity of the assay was 0.6 ng/mL for T 4 and 0.5 ng/mL for T 3 . For each experiment, thyroid hormone levels were assessed in single assays in order to eliminate interassay variation. The intra-assay coefficients of variation for T 4 and T 3 were 6.0 and 4.2%, respectively.
Semen and Sperm Evaluation
The abdominal massage technique (Burrows and Quinn, 1937) was implemented prior to sexual maturation and on a weekly basis to determine the onset of artificially collectible semen. The regimen of abdominal massage continued after sexual maturity and the manually ejaculated semen of each bird was collected into graduated 1-mL syringes and measured to 0.01 mL.
Sperm quantity and quality was evaluated fluorometrically with the ethidium bromide exclusion procedure in which the mean percentage most "fit" (membrane intact) spermatozoa was determined for each treatment (Bilgili and Renden, 1984; Bakst et al., 1991) .
Fertilizing ability of sperm from individual toms was assessed. Over a 4-d period, three to six randomly assigned virgin laying turkey hens were artificially inseminated (AI) twice with 0.03 mL of neat semen (about 200 million sperm) from a single tom. Starting 3 d after the last AI, eggs were collected biweekly in 7-d periods and set in an incubator. Eggs were incubated for 2 wk before being candled for signs of embryonic development. All eggs determined to be unfertilized by candling were broken-out to determine whether they were truly unfertilized or were early embryonic mortalities; percentage fertility was then calculated.
Statistical Analyses
Data were analyzed by one-way ANOVA using the general linear models procedure of SAS ® (SAS Institute, 1989) . In Experiment 1, differences among treatment groups were estimated using Tukey's honestly significant difference test. In Experiments 2 and 3 least squares means were used to estimate significant differences among means. Percentage data were subjected to arcsine transformation prior to these analyses. The significance level for all analyses was set to a value of P ≤ 0.05.
Experiment 1
This experiment was done in a facility (University of Arkansas) different from but similar to that in the other experiments (North Carolina State University) and the same management practices were utilized. The objective was to determine whether PTU at 0.1% (wt/wt) of the diet induced testicular hypertrophy or altered sperm output. British United Turkeys of America (BUTA) male turkey poults were obtained in June on the day of hatch. Male poults were randomly placed in groups of 20 into nine floor pens. Three treatment groups resulted: 1) Control, no PTU; 2) PTU from 8 to 16 wk of age; 3) PTU from 10 to 18 wk of age.
At 24 and 36 wk of age blood samples were drawn from randomly selected males from each pen in each treatment. Plasma was collected from each of the samples and stored at -20 C until assayed. After blood collection males were killed by carbon dioxide asphyxiation and their testes were removed, weighed and placed in liquid nitrogen for estimation of daily sperm production (Robb et al., 1978; Kirby et al., 1996) .
Experiment 2
The objective of this experiment was to determine the effect of age and duration of PTU treatment on sexual development and semen quantity and quality. Nicholas male turkey poults were obtained in May on the day of hatch. One-day old poults were randomly distributed into four treatment groups: 1) Control, no PTU; 2) PTU from 0 to 8 wk of age; 3) PTU from 0 to 16 wk of age; and 4) PTU from 8 to 16 wk of age. All PTU treatments were given in the feed at a dose of 0.1% (wt/wt) and there was a minimum of five toms per treatment.
Onset of semen production was determined for each tom. Due to insufficient semen production in the PTU 0 to 8 and 0 to 16 wk treatments, only toms from the control and PTU 8 to 16 wk treatments were selected for the in vivo sperm evaluation at 31 wk of age. At 32 and 36 wk of age, semen was obtained from all toms and sperm from individual toms in all treatments were evaluated fluorometrically in vitro.
Experiment 3
This experiment was conducted in the same facilities as Experiment 2. The objective was the same as Experiment 2 but a larger dose of PTU was used that sufficiently depressed circulating thyroid hormones to the limits of detection by RIA. Also, only the most effective treatment period from Experiments 1 and 2 (PTU 8 to 16 wk) was used.
Male BUTA turkey poults were obtained in February on the day of hatch. Six poults never received PTU and served as controls. At 8 wk of age, nine males were randomly selected and fed a ration containing 0.5% PTU to 16 wk of age and a control ration without the drug thereafter. At 20 wk of age, seven males never before administered PTU were fed a ration containing 0.5% PTU until 35 wk of age. Three treatment groups resulted: 1) Control, no PTU; 2) PTU from 8 to 16 wk of age; and 3) PTU from 20 to 35 wk of age.
Due to insufficient semen production from enough individuals in the PTU 20 to 35 wk treatment, only toms from the control and PTU 8 to 16 wk treatments were selected for the in vivo evaluation of fertility at 33 wk of age. Quantitative and qualitative evaluations of semen were accomplished as in Experiment 2 at 32 and 36 wk of age.
RESULTS
Experiment 1
The weight of the left testis at 24 wk of age was increased 42% by the PTU 8 to 16 wk treatment when compared to the controls, but was not significantly affected by the PTU 10 to 18 wk treatment (Table 1) . At 36 wk, left testis size was similar between the control and PTU 8 to 16 wk treatment, but was reduced by the PTU 10 to 18 wk treatment.
An increase in daily sperm production per paired testes (58%) was evident at 24 wk in the PTU 8 to 16 wk treatment but not in the PTU 10 to 18 wk treatment. At 36 wk, adult daily sperm production per paired testes was similar between the control and PTU 8 to 16 wk treatment, but was significantly lower in toms in the PTU 10 to 18 wk treatment. Plasma testosterone concentrations of controls were similar to the PTU treatments except at 24 wk in which the PTU 8 to 16 wk treatment had significantly higher levels ( Table 1) . As there were no pen effects, the pen data are pooled here.
Experiment 2
Thyroxine levels were transiently reduced from control levels in the PTU 0 to 16 wk treatment at 12 and 16 wk of a,b Means in the same column with no common superscript differ significantly (P ≤ 0.05). 1 Male turkeys were treated with 6-n-propyl-2-thiouracil (PTU) at a concentration of 0.1% (wt/wt) of the ration. The PTU was administered to the two treated groups at the ages indicated. Each mean consists of 12 to 20 toms per time points.
2 Root mean square error and probability (P) for F values. age and PTU 8 to 16 wk treatment at 12 wk of age ( Figure  1 ). At no time was T 4 suppressed to the limits of the assay. The PTU treatment did not depress plasma T 3 levels in the turkeys for any of the times tested.
The mean age at the onset of semen production was advanced (P < 0.05) by the PTU 8 to 16 wk treatment, but was delayed by the PTU 0 to 8 and 0 to 16 wk treatments (Figure 2, top) . Toms in the control group began producing semen in a relatively uniform manner (CV = 4.6%) between 24 and 28 wk of age, whereas in the PTU 8 to 16 wk treatment the onset was more variable (CV = 10.9%), ranging from 19 to 26 wk of age. In general, mean semen volumes and sperm concentration were not significantly affected by the PTU 8 to 16 wk treatment at 32 or 36 wk of age (Table 2) . At 36 wk, the percentage of fit sperm was somewhat reduced, but the in vivo fertility test showed no differences among treatments ( Figure 3) ; however, semen volumes were reduced by the PTU 0 to 8 and 0 to 16 wk treatments.
Experiment 3
Plasma T 4 concentrations were depressed below the sensitivity of the assay following PTU administration at 0.5% of the ration (Figure 1) . Control plasma levels of T 4 were reestablished within 4 wk of removing the drug. Administration of PTU from 8 to 16 wk of age significantly reduced T 3 plasma concentrations when compared to that of the controls at 16 wk of age, and by 20 wk of age control levels were restored. Levels of T 3 in the toms in the PTU 20 to 35 wk treatment were not depressed significantly.
The mean age at the onset of collectible semen was not significantly affected by the PTU treatments ( Figure 2,  bottom) ; however, variability in the age at the onset of collectible semen was again increased in the PTU 8 to 16 wk group. Control toms began producing semen between 23 and 25 wk of age, whereas semen appeared in PTU 8 to 16 wk and PTU 20 to 35 wk toms at 21 to 27 and 23 to 29 wk of age, respectively.
Neither mean semen volumes nor sperm concentration and fitness in the PTU 8 to 16 wk and PTU 20 to 35 wk treatments were significantly lower than that of the control turkeys at 32 and 36 wk of age (Table 2 ). In addition, the mean fertilizing ability of sperm was similar between the control and PTU 8 to 16 wk treatments (Figure 3) .
DISCUSSION
From the results of this study it was clear that treatment with PTU had age-related effects on the testes of turkeys. Clearly, PTU given from hatch, had adverse affects on testicular development and function. This result has support (Ringer, 1965; Assenmacher, 1973) and conflicts (Kumaran and Turner, 1949; Van Tienhoven, et al., 1956) in previous research on birds. However, when PTU (0.1%, Experiments 1 and 2) was given from 8 to 16 wk of age, precocial testicular development followed, with advancement of collectible semen and associated transient testicular hypertrophy (42%), increased plasma testosterone levels, and increased sperm output (72%). That there was a lack of effect of PTU on testis weight, daily sperm production, and plasma testosterone (Experiment 1) when given from 10 to 18 wk of age, suggests a rather precise interval of time for treatment effects. Likewise, PTU treatment during the late juvenile phase (Experiment 3) was without stimulating effects. The presence of a critical period for PTU treatment has been reported previously for both domestic fowl (Kirby et al., 1996) and rodents (Cooke et al., 1992; Joyce et al., 1993; Jannini et al., 1995) .
Appropriate treatment with PTU and the resultant hypothyroidism has resulted in dramatic and permanent hypertrophy (80%) of the testes and increased sperm output (140%) in rats (Cooke, 1991; and mice (Joyce et al., 1993) . To date, equivalent responses have not been reported for animals other than rodents with the exception of domestic chickens. In chickens, 0.1% dietary PTU treatment from 10 to 16 wk of age resulted in substantial increases in adult testis FIGURE 1. Mean plasma concentrations of thyroxine (T 4 , top) and triiodothyronine (T 3 , bottom) of male turkeys during development following transient treatment with 6-n-propyl-2-thiouracil (PTU) at 0.1% (Experiment 2) and 0.5% (Experiment 3) of the ration. Males were treated with PTU from 0 to 8, 0 to 16, 8 to 16, or 20 to 35 wk of age. N = 3 to 7 toms per treatment. The root mean square error of the data at each time period is given above each graph. Treatment means at the same age with no common letters differ significantly (P ≤ 0.05). *Not included in statistical analysis, n = 1. FIGURE 3. Mean ± SEM biweekly percentage fertility for eggs laid by turkeys following a single artificial insemination during Week 0 with semen from either control or 6-n-propyl-2-thiouracil (PTU)-treated toms. The PTU was administered at 0.1% (Experiment 2) or 0.5% (Experiment 3) of the ration from 8 to 16 wk of age. Fertility was not evaluated in other treatment groups due to insufficient semen production at 31 (Experiment 2) and 33 (Experiment 3) wk of age. n = 4 toms per treatment and the number of eggs evaluated biweekly per treatment ranged from 79 to 119. No significant differences (P ≤ 0.05) between treatments were present at any time point in either experiment. size (96%) and sperm production (115%) that, unlike rodents, were preceded by precocial development (Kirby et al., 1996) ; however, neither the persistence of the effect nor the degree of thyroid inhibition were assessed.
In the present study, the precocial development of testes in response to 0.1% PTU was not as robust as in chickens, and unlike rodents was only temporary. The lack of a dramatic PTU-induced testicular hypertrophy or persistence of response may be characteristic of turkeys. Alternatively, it may have to do with an improper window of time for PTU treatment, or possibly a suboptimal dose of PTU. From our results, it is unlikely that higher doses of PTU would be beneficial, as our high dose (0.5%) induced severe hypothyroidism but less pronounced effects on testis development than the low PTU dose (0.1%), which had only slight antithyroid effects. This lack of association of degree of hypothyroidism with effect implies possible benefit to use of lower doses of PTU, not the least of which would be to minimize potential side effects.
In mammals, the PTU-induced progonadal response was proposed to be the result of hypothyroidism (Cooke et al., 1994a,b) . From our study, it seems that neither mild nor severe hypothyroidism had progonadal effects that persisted beyond early semen production. The fact that PTU at 0.1% of the ration was relatively ineffective in inducing a hypothyroid state suggested a different mechanism by which PTU has its effect in turkey toms. Similar speculation was made for chickens that included a possible involvement of testosterone (Kirby et al., 1996) . A testosterone role would be consistent with results of the present study, as testosterone was elevated temporarily and coincident with the response. As early as 1949, Kumaran and Turner suggested that thyroid hormone influence on testis function was due to testosterone in domestic fowl.
Functional assessment of semen (sperm) quality following antithyroid treatment is sparse in the literature. Marks (1969) reported that semen from domestic fowl fed thiouracil during development resulted in greater fertility than controls. No differences occurred in hatchability. A repeat trial with turkeys (Marks and Lowe, 1970) had less clear effects on fertility but no adverse effects. The results of the present study indicated that, along with PTU-induced advancement in testis development and sperm production, normal quality semen with resultant normal fertility also occurs. Rats with PTU-induced testicular hypertrophy and increased sperm output were fertile, and sired litters in which pup weight and number were normal (Cooke et al., 1991) .
The precocial testis development (42% at 24 wk), advanced collectible semen production (11 d), and normal semen quantity and quality evident in our best treatment response (0.1% PTU from 8 to 16 wk of age) were associated with significantly reduced (P ≤ 0.05) body weights (22% at 24 wk of age). The retarding effect of hypothyroidism on growth in birds has long been known (Ringer, 1954) and is generally acknowledged. The potential for increased efficiency associated with raising smaller birds that eat less feed and produce normal quantity and quality of semen at earlier ages justifies further research in this area.
